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A new early-onset neuromuscular disorder associated
with kyphoscoliosis peptidase (KY) deficiency

Carola Hedberg-Oldfors*!, Niklas Darin?, Mia Olsson Engman3, Zacharias Orfanos?, Christer Thomsen!,
Peter F M van der Ven* and Anders Oldfors!

We describe a new early-onset neuromuscular disorder due to a homozygous loss-of-function variant in the kyphoscoliosis peptidase
gene (KY). A 7.5-year-old girl with walking difficulties from 2 years of age presented with generalized muscle weakness; mild
contractures in the shoulders, hips and feet; cavus feet; and lordosis but no scoliosis. She had previously been operated with
Achilles tendon elongation. Whole-body MRI showed atrophy and fatty infiltration in the calf muscles. Biopsy of the vastus lateralis
muscle showed variability in fiber size, with some internalized nuclei and numerous very small fibers with variable expression of
developmental myosin heavy chain isoforms. Some small fibers showed abnormal sarcomeres with thickened Z-discs and small
nemaline rods. Whole-exome sequencing revealed a homozygous one-base deletion (c.1071delG, p.(Thr358Leufs*3)) in KY,
predicted to result in a truncated protein. Analysis of an RNA panel showed that KY is predominantly expressed in skeletal muscle
in humans. A recessive variant in the murine ortholog Ky was previously described in a spontaneously generated mouse mutant with
kyphoscoliosis, which developed postnatally and was caused by dystrophy of postural muscles. The abnormal distribution of Xin and

Ky-binding partner filamin C in the muscle fibers of our patient was highly similar to their altered localization in ky/ky mouse
muscle fibers. We describe the first human case of disease associated with KY inactivation. As in the mouse model, the affected
child showed a neuromuscular disorder — but in contrast, no kyphoscoliosis.
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INTRODUCTION
A neuromuscular disorder caused by a homozygous variant in the
kyphoscoliosis peptidase gene (Ky) was first described in a mouse
model, which was a spontaneous mutant of the BDL strain.! In this
model, kyphoscoliosis develops due to atrophy of postural muscles
during postnatal growth.>? The muscle phenotype of the ky/ky was
morphologically characterized by muscle fiber regeneration, necrosis,
and internally located nuclei in the soleus, gracilis, paraspinal, and
back muscles.> The Ky locus was mapped to a small region of the
distal part of the mouse chromosome 9 that is homologous to human
chromosome 3q21.* The causative variant, a GC deletion in Ky
resulting in frameshift and a premature stop codon, was identified by a
positional cloning strategy.”> The ky transcript codes for a muscle-
specific protein and is only expressed in skeletal and cardiac muscle in
mice.> The KY protein belongs to a family of transglutaminase-like
proteins.f—”6 However, recent data indicate that KY should be con-
sidered a Z-disc-associated protein that provides structural support.”
Here we report the first human case of a neuromuscular disease
associated with a variant in KY.

PATIENTS AND METHODS
Muscle pathology
Open muscle biopsy of the quadriceps femoris muscle, vastus lateralis, was
performed at the age of 7.5 years.

Specimens were frozen in propane chilled with liquid nitrogen for histo-
chemical analysis or fixed in glutaraldehyde for electron microscopy. Standard

techniques were used for histochemical staining of cryostat sections and for
electron microscopy. Immunohistochemical staining of embryonic and fetal
myosin heavy chains (DSHB F1.652 and Leica NCL MHCn) was performed as
previously described.?

For immunofluorescence microscopy, cryostat sections were fixed, stained
and mounted mainly as described.® Antibodies used in this study are (1) mouse
IgG1 monoclonal antibody XR1 against Xin isoforms A and B,!° dilution 1:10;
(2) anti-filamin C mouse IgA monoclonal antibody RR90,!! dilution 1:10;
and (3) rabbit polyclonal antiserum specific for desmin, dilution 1:100 (Cat.
No. 10570; Progen, Heidelberg, Germany). FITC (fluorescein isothiocyanate)-,
Cy3- and Cy5-conjugated secondary antibodies were obtained from Southern
Biotech (Birmingham, AL, USA) and Jackson Immunoresearch Laboratories
(West Grove, PA, USA). Images were acquired using an Axio Imager MI
microscope equipped with epifluorescent illumination or a LSM710 confocal
laser scanning microscope (both Carl Zeiss GmbH, Oberkochen, Germany).

Genetic analysis

For whole-exome sequencing, target enrichment was performed with 3 ug of
genomic DNA using the Sure SelectXT Human All Exon kit version 5 (Agilent
Technologies, Santa Clara, CA, USA) and sequenced on the HiSeq2500 platform
(Iumina, San Diego, CA, USA) as paired-end 100-bp reads with 60 X coverage.
Base calling was performed with the Illumina pipeline, with default parameters.
Sequence reads were aligned to the reference genome (hgl9) with the
DNAnexus software (DNAnexus Inc., Mountain View, CA, USA; www.
dnanexus.com). Filtering of called variants was performed in several steps using
Ingenuity Variant Analysis including genes listed in the Neuromuscular
Disorder (NMD) Gene Table (http://www.musclegenetable.fr/). Further filtering
was carried out to predict variants that affect function using SIFT and
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PolyPhen2, the level of conservation and how common the variants are in the
population (using 1000 Genome (http://www.1000genomes.org/); NHLBI
Exome Sequencing Project (ESP) (http://evs.gs.washington.edu/EVS/) and The
Exome Aggregation Consortium (ExAC)) were investigated to reduce the
number of variants. Confirmation of variants and analysis of parental and
siblings samples were done by Sanger sequencing.

The tissue expression patterns of KY (NM_178554.4) and the f-actin gene
(NM_001101.3) as a control were performed with reverse transcriptase poly-
merase chain reaction (RT-PCR) using cDNA from the mRNA extracted from
the patients skeletal muscle and a human RNA panel with 20 normal tissues
(Human Total RNA Master Panel II; Clontech, Mountain View, CA, USA).

RESULTS

Clinical features

This girl was the second of three children with healthy, related Kurdish
parents. Her siblings were healthy (Figure la). Pregnancy was normal
and she was born at term, after an uneventful delivery with a birth
weight of around 3.5 kg. Early developmental milestones were normal.
She sat unsupported at 8 months of age and walked unsupported at
around 1 year of age. Walking became increasingly difficult from
3 years of age, because of progressive equinus contractures of the feet,
and when the girl came to Sweden as a refugee at 5.5 years of age she
was wheelchair-dependent. At 6.5 years of age, bilateral Achilles tendon
elongation surgery was performed with improvement in her walking
abilities. There has been no progression of symptoms from 6.5 to
7.5 years of age.

Clinical examination at 7.5 years of age (Figure 2a) revealed normal
eye movements and facial expressions. She walked unsupported with
slightly increased lumbar lordosis and somewhat increased knee lifting
bilaterally. She was not able to walk on her heels but could walk on her
toes and run. The gait and run were slightly asymmetric due to a more
pronounced involvement of the lower leg on the left side compared
with the right side. She could skip single steps on one leg, lift her head
while lying on her back, sit up without trick movements and rise to
standing without the Gower’s sign.
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Figure 1 Molecular genetics. (a) Pedigree of the family. Dots indicates
confirmed carriers. (b) Chromatogram demonstrating the ¢.1071delG variant
in KY in one of the heterozygous parents. The patient was homozygous. (c)
Tissue expression of KY using a human RNA panel screened by RT-PCR,
demonstrating that KY is mainly expressed in skeletal muscle.
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There were associated contractures, most pronounced in the lateral
rotation of the shoulders (—45°/ —45°), elbow supination (—10°/ —5°),
hip extension (—10°/—10°), plantar flexion (—20°/—20°) and dorsi-
flexion (—15°/—15°) of the feet. She also had cavus positioning
of especially the left foot but no scoliosis. The lumbar lordosis
was flexible and compensatory to a decreased hip extension. Muscle
strength measurements showed a generalized mild weakness, between
3 and 4+ according to the MRC scale in axial, proximal and distal
muscles — except for the lower legs, where she scored 2 and 3 — for
dorsal flexion in the right and left foot, respectively. Especially on the
left side, the peroneal muscles seemed more affected than the anterior
tibial muscle with varus positioning of the foot. The reflexes were weak
in the brachioradialis and patellar tendons, and absent in the Achilles,
biceps and triceps tendons. According to the Hammersmith functional
motor scale, she scored 34 out of 40 points with deduction for standing
on the heels (0), standing on one leg (1) and skipping on the left leg
(1). Cognitive and fine motor skills were normal as well as respiratory
and heart function. She was incontinent for urine and stool and
needed diaper until her orthopedic operation. The incontinence for
stool then disappeared while she still has occasional nocturnal enuresis.
Whole-body MRI showed muscle atrophy and fat replacement of the
calf muscles with predominant changes on the left side involving the
gastrocnemius and soleus muscles, whereas the tibialis anterior and
peroneus longus muscles appeared to be spared (Figures 2b-f).
MRI of the brain and spine was normal. Serum creatine kinase levels
and metabolic screening investigations were normal. Nerve conduction
velocities were normal in the medianus, peroneus and suralis nerves.
Needle electromyography (EMG) was normal in the biceps brachii and
tibialis anterior muscles whereas there was an increased frequency of
large motor unit potentials suggestive of neurogenic changes in the
right gastrocnemius muscle but there was no spontaneous activity
at rest.

Muscle pathology

Biopsy of the vastus lateralis muscle at the age of 7.5 years revealed
mild but distinctive, generalized changes. In addition to increased
variability of fiber size affecting type 1 and type 2 fibers and
internalized nuclei, there were numerous extremely small fibers
(Figure 3a) that expressed variable myofibrillar ATPase activity,
indicating expression of different myosin isoforms (Figure 3b). Immu-
nohistochemical staining revealed that the majority of these small
fibers expressed fetal (perinatal) myosin heavy chain (Figure 3c). Some
(but not all) expressed embryonic (developmental) myosin heavy
chain, indicating that some of these very small fibers were regenerating
(Figure 3d). No inclusions or rods were identified in modified
Gomori trichrome staining and the intermyofibrillar network appeared
regular with NADH-TR staining. Fiber type grouping or type 1 fiber
predominance was not present. There was a very mild focal increase
in interstitial connective tissue. Electron microscopy showed abnormal
sarcomeres in some of the small fibers with Z-line thickening
and formation of small nemaline rods (Figures 3e and f). Large fibers
showed regular sarcomers without apparent Z-line alterations.

Since the mutation in the Ky gene in the mouse is associated with
an abnormal distribution of its binding partner FLNC and Xin, 1213
which is a FLNC-binding partner'® and general muscle damage
marker,'* we stained skeletal muscle sections of our patient for both
proteins. Even though some parts of the sections appeared largely
unaffected, in other areas inclusions containing the proteins were seen
inside the fibers, with an incidence ranging from mild (fibers with
mostly small inclusions) to severe (numerous fibers affected and very
large inclusions) (Supplementary Figure S1). Detailed examination of
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Figure 2 Patient image and whole-body magnetic resonance imaging (MRI) at 3.0T at 7.5 years of age. (a) Demonstrating visible muscle atrophy in the lower
legs. (b—f) Demonstrating that visible muscle atrophy and fat replacement was restricted to the calf muscles with predominant changes on the left side
involving the gastrocnemius and soleus muscles, whereas the tibialis anterior and peroneus longus muscles were relatively spared. On the right side, the
medial head of the gastrocnemius muscle was predominantly affected. A mild involvement of the vastus intermedius (c, d) and vastus lateralis (d) was also
seen. Pasted image, T1, Fast-spin echo (TR/TE=500/8.4 ms). (c—f) LAVA-FLEX, fat-only phase, (TR/TE=8.4/1.1 and 2.3 ms). Panels ¢ and d are from
different levels of the thighs, while e and f are from different levels of the lower legs.

strongly affected fibers using confocal microscopy showed that in these
areas the two proteins colocalized whereas desmin was not enriched
(Figure 4, left panel). Furthermore, examination of longitudinal
sections showed that these areas were not amorphous protein
aggregates as observed in the muscle fibers of myofibrillar
myopathy patients (which would be desmin-positive), but their
remodeling associated with
post-exercise muscle weakness.'>!® As observed for myotilin and
a-actinin in the ky/ky mice,'>!? desmin was normally distributed in
a cross-striated pattern.

structure resembled sarcomeric

Genetic analysis

Whole-exome sequencing showed that the patient had a homo-
zygous one-base deletion in KY (c.1071delG, p.(Thr358Leufs*3))
(NM_178554.4), resulting in frameshift and premature termination
(Figure 1b). The variant was not present in the Single Nucleotide
Polymorphism Database (dbSNP), in the NHLBI Exome Variant
Server, in the Exome Aggregation Consortium (ExAC) or in 1000
Genomes. The variant has been submitted to the Leiden Muscular
Dystrophy pages (http://www.LOVD.nl/KY). Most called variants
identified in genes listed in the NMD Gene Table after filtering were
predicted to be likely benign or with uncertain significance according
to computed ACMG Guidelines classification. No other variants that
likely affects function were detected. Genetic analysis of the parents as
well as the older sister revealed that they were heterozygous for the

variant, whereas the younger brother had normal sequence compared
with reference sequence (Figure 1b).

To examine the tissue expression of KY transcripts, we performed
RT-PCR on a human tissue RNA panel. KY was most highly expressed
in skeletal muscle and to a moderate level in cardiac and uterine
muscles and brain. It was expressed at low or undetectable levels
in other tissues (Figure 1c). The KY transcript with the c.1071delC
variant was expressed in skeletal muscle, indicating that no alternative
splicing and no nonsense-mediated mRNA decay had occurred.
However, the variant induces a premature stop codon and a truncated
non-functional protein can be predicted.

DISCUSSION
We have described the first human case of a disease associated with
inactivation of the kyphoscoliosis peptidase gene, KY. There are several
lines of evidence that the homozygous ¢.1071delG, p.(Thr358Leufs*3)
variant causes the disease by introducing a premature stop codon.
First, the variant is clearly deleterious. Second, the gene is expressed
in the affected tissue, skeletal muscle. Third, the variant segregates with
the disease in the family. Fourth, the inactivation of the gene in
a mouse model causes a similar myopathy. Fifth, an abnormal
distribution of the Ky-binding protein FLNC, similar to what has
been described in the ky/ky mouse, was shown.

The mouse Ky gene variant was a spontaneous event in the BDL
mouse strain, resulting in kyphosis and rotational deformity of the
spine, which was apparent from about 100 days of age.! It was inherited
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Figure 3 Pathology of left vastus lateralis of the quadriceps femoris muscle. (a) Variability in muscle fiber size, occasional internalized nuclei and numerous very
small fibers (arrows) (hematoxylin and eosin staining). (b) The numerous small fibers showed variable myofibrillar ATPase expression (arrows), ATPase, pH 4.3.
(c) Immunohistochemistry revealed that most small fibers expressed fetal (perinatal) myosin heavy chain. (d) Immunohistochemistry revealed that some of the
small fibers expressed embryonic (developmental) myosin heavy chain. (e, f) Some of the small fibers showed abnormal sarcomeres with thickened Z-discs

(arrowheads) and rod structures (arrows).

as a recessive trait. The mutants have been extensively investigated
as a possible model of idiopathic kyphoscoliosis in humans, but there
was no evidence of a primary disease of the spine.>!” A neuromuscular
cause for the deformities was found by systematic histological

European Journal of Human Genetics

investigation of mutant mouse muscles at various ages. Necrosis,
regeneration, and subsequent fibrosis and atrophy of muscles were
identified from about 1 week of age, indicating a primary muscular
dystrophy.> However, different muscles were affected to different



A new neuromuscular disorder associated with KY
C Hedberg-Oldfors et al
1775

Overlay

Figure 4 Skeletal muscles of the patient show sarcomeric abnormalities similar to those found in ky/ky mice. Transverse (left panel) and longitudinal (right
panel) sections through a severely affected area of the biopsy stained for FLNC, Xin and desmin. Note colocalization of FLNC and Xin but the absence of
desmin enrichment in these areas. The longitudinal section clearly shows that these areas are not amorphous protein aggregates, but filamentous sarcomeric

lesions. Scale bar: 10 um.
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degrees and at various time points during the course. Early and severe
involvement was evident in the soleus, gracilis, paraspinal and back
muscles. The occurrence of large group atrophy and axonal sprouting
was suggestive of a neurogenic disorder although there were no changes
in peripheral nerves or in the spinal cord.?

The Ky gene was identified in 2001 by positional cloning, and a
novel muscle-specific protein was identified.> The KY protein harbors
a transglutaminase/protease domain, which is homologous to other
proteins in the transglutaminase family, and it has been proposed to
be a protease.>® However, multiple alignment with proteins belonging
to the transglutaminase superfamily showed that a group of trans-
glutaminase proteins including KY lack the enzymatic active site triad
of amino acids, and the protease function has been questioned.!>!#
Futher studies indicates that KY should be considered to be a Z-disc-
associated structural protein that interacts with sarcomeric partners
such as filamin C (FLNC), myosin binding protein C, slow type
(MYBPC1), KY interacting protein 1 (KYIP1, IGFNI1) and titin
(TTN).!213 More recent data have demonstrated that KY is part of
a Z-band associated protein complex together with FLNC and IGFN1
likely to provide structural support to the sarcomeres in the skeletal
muscle.’

Our immunolocalization studies showed an abnormal distribution
of FLNC and Xin highly reminiscent of the localization patterns of
both proteins in the muscle fibers of ky/ky mice.!>!3 This is a further
indication that the KY variant is indeed causative for the disease
phenotype of our patient. Both proteins were localized in sarcomeric
lesions, which were suggested to contribute to (post-exercise) muscle
weakness.!>16:19

Our patient had an autosomal recessive neuromuscular disease
caused by a deleterious variant in the human ortholog of the mouse
Ky gene. The patient developed early-onset walking difficulties because
of foot drop and progressive equinus deformities of the feet. This was
operated by Achilles tendon elongation, which allowed the patient
to become ambulatory. Clinical examination revealed predominantly
distal and asymmetric muscle weakness in the lower legs, affecting
the left side more than the right one and there was also cavus feet.
Weakness was most severe in the peroneal (MRC 2/2) and tibialis
anterior (MRC 2/3—) muscles. In contrast, MRI investigations
demonstrated atrophy and fat infiltration of the gastrocnemius
and soleus muscles, whereas the anterior compartment was relatively
spared. We do not know the reason for this peculiar distribution.
While EMG did not demonstrate any changes in most examined
muscles there was neurogenic pattern in the gastrocnemius muscle,
which may indicate that there is a combined neurogenic and myogenic
pathogenesis as was suggested in the ky/ky mouse.> A partly neurogenic
pathogenesis of the disease may be of importance for the development
of cavus feet and a KY-associated neuromuscular disease would be
important to consider in similar cases.

Clinical and muscle MRI investigations demonstrated predominantly
distal leg involvement, but biopsy was performed in the more mildly
affected vastus lateralis muscle. Unspecific myopathic pathological
changes, without typical neurogenic alterations such as large group
atrophy or fiber type grouping, were identified, and also an unusual
pattern with large numbers of very small fibers with characteristics of
various fiber types. Many were apparently early-regenerating fibers, but
some fibers were probably atrophic or hypotrophic. Notably, some
small fibers showed Z-disc alterations that were a characteristic finding
in the ky/ky mouse.l?

More than 20 different myopathies with predominantly distal
involvement have been reported, most of which show onset in
adulthood.?® Distal myopathies with childhood onset are rare. Laing
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early-onset myopathy (MPD1), caused by dominant variants in the
slow/beta cardiac myosin heavy chain gene (MYH?), frequently
presents as walking difficulties due to problems with ankle dorsiflexion
in early childhood.?»?> A dominantly inherited myopathy caused
by a variant of the Kelch-like homolog 9 gene (KLHL9) was reported
by Cirak et al.?* In this family, the muscle weakness started between
the age of 8 and 16 years with weakness of ankle extensors and
foot drop.

Our patient also had initial urine and stool incontinence which
improved considerably after her orthopedic surgery. Her younger
brother also sometimes has nocturnal enuresis so we believe that there
could be other causes for her incontinence than her KY deficiency
even though this is also possible considering that the KY protein is also
expressed in smooth muscle.

No kyphosis or scoliosis had developed in our patient by the age
of 7.5 years and, unlike the mouse model, there did not appear to be
any major involvement of the paraspinal muscles. Finding of other
individuals affected by KY inactivation and following them for a longer
period will help to clarify the natural course of the disease and the
phenotypic variability.
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